ABSTRACT. The shape and neuronal number of the inferior olivary complex (IOC) were determined in the water buffalo (Buballus bubalis). The configuration and interrelations of the IOC compartments were ascertained by investigating serial sections through the whole rostrocaudal extent of the IOC. Nissl-stained celloidin sections of six water buffalo's brainstems were used. The IOC in the water buffalo consisted of three major nuclei and four small cell groups. The medial accessory olivary nucleus (MAO) had the longest rostro-caudal extent as well as the highest number of neurons (98,000 ± 3,000). Although the total area of the principal olivary nucleus (PO) was smaller than the area of the dorsal accessory olivary nucleus (DAO), the PO had the second largest neuronal number. The total number of neurons on both sides of the IOC was 210,000 ± 7,000 cells. The average neuronal density was 3,000 cells/mm 3 . Although the size of the PO relatively increases while the size of MAO decreases with the development of the cerebellar hemispheres, the IOC in most mammals maintains a similar structure except for the higher primates and marsupials. The water buffalo IOC showed morphological similarities to the almost all mammalian IOC including rats as follow; the main part of the MAO consists of three subgroups (a, b and c), the DAO is Boomerang-shaped while the PO is a simple U-shaped structure. KEY WORDS: brainstem, morphology, neuronal number.
Although, the morphology of the inferior olivary complex (IOC) has been demonstrated in many mammals [2-6, 10, 15, 21-23, 27-29, 33, 35] , there have been relatively few studies on this nuclear complex in large animals including the water buffalo (as a prevalent ruminant in Asia and Africa). In most of studied mammals, the IOC is divided into three main nuclei; a medial and dorsal accessory olivary nuclei (MAO and DAO, respectively), and a principal olivary nucleus (PO) and four small cell groups; the dorsal cap (DC), the ventro-lateral outgrowth (VLO), the nucleus b and the dorso-medial cell column (DMCC). However, the marsupial's IOC consists of the same nuclei but their relative positions are different from other mammals [23, 35] .
Recently, the IOC has been compartmentalized by the olivocerebellar projections using tracer techniques [33] . Consequently we can correlate roughly the morphological structures that are shown by Nissl-stained sections, with the compartments by neural circuits of the IOC. However, these tract tracing methods are limited in small mammals including rats, rabbits and cats. In this study we described the morphology of the IOC in the water buffalo, to which it is very difficult to apply tract tracing methods for size, and compared the IOC of the water buffalo and other mammals. We discussed that neuroanatomical results of the IOC in small mammals could be applicable to the large mammals like the water buffalo.
It is generally recognized that the IOC is the sole source of the climbing fibers innervating the Purkinje cells of the cerebellar cortex [12, 31] and nearly all of neurons in the IOC are probably projection neuron to the cerebellum [13] . A single neuron in the IOC projects with multiple climbing fibers to a single narrow longitudinal band-shaped area in the cerebellar cortex and, with its axon collaterals, to a small area in the cerebellar nuclei [30] . Each climbing fiber innervates a single Purkinje cell. Each olivocerebellar fiber branches into about 4-7 (rat) to 14-17 (human) climbing fibers [25] . Thus we can estimate the number of Purkinje cells by the neuronal numbers of the IOC. Further more we can reckon a more detailed role of each main nucleus by getting to know the neuronal number in each main nucleus of the IOC. To this end, neuronal cell counts were performed in the IOC of the water buffalo.
MATERIALS AND METHODS
Six brainstems from water-buffalo (Buballus bubalis) calves, 3 to 4 months old, were obtained from a slaughter house in Egypt. The brainstems were removed, fixed in 10% formalin for three weeks, dehydrated and embedded in 10% celloidin. The brainstems including the IOC were serially sectioned at 50 µm thick in the transverse plane and stained with toluidine blue or cresyl echt violet.
Histology and procedure for neuronal counts: The nuclear configuration was mapped using a drawing tube. The sections were observed under a light microscope at a final magnification of 100 × for cell counting. The IOC neurons were counted in every tenth section on both the right and left sides of each animal. All neurons present in a given section were counted, whether or not a nucleolus could be identified. The total neuronal number of the IOC of the water buffalo was then calculated by the method of Escobar et al. [12] as follows: the number of neurons (A) in each section counted was multiplied by half the number of sections not counted (B) between the section counted and the next counted section [14, 26] . By adding the products of AxB/2 for all sections counted, the estimated total number of neurons in the IOC of each specimen was obtained. The threedimensional shapes of IOC compartments were obtained from the cross sections in Fig.1 by overlapping the sections in an image processor, proceeding form rostral to caudal direction (Fig. 3) .
Procedure for neuronal density: The neuronal density was obtained by projecting the microscopic sections onto an video micrometer [VM-29; Olympus, Tokyo, Japan] at a final magnification 90 ×. The relative areas of each nucleus and small cell group of the IOC were measured in every tenth section on the left sides of four cases ( Table 1 ). The number of neurons per square millimeter in each counted section was obtained, and then the number of neurons per cubic millimeter was obtained by multiplying the mean number of neurons/mm 2 by the Escobar coefficient [14] from the following formula:
Escobar coefficient = 1,000 mm/(section thickness × 2*) 2*: the neuronal count for one section is equal to the neuronal count for two successive sections [14] .
In this study, the Escobar coefficient = 1,000/(50×2) = 10
RESULTS

Morphology of IOC:
Three major nuclei, the MAO, DAO and PO, in addition to four small cell groups, were clearly detected in the water buffalo IOC (Figs. 1, 2 ). The IOC extended for a rostro-caudal extension of 10 ± 0.5 mm.
The MAO was the first nucleus to appear in the caudal pole of the IOC. Among the three major nuclei, the MAO had the longest rostro-caudal dimension extending over approximately 7.5 mm. At the caudal aspect of the MAO, three separate groups could be distinguished, a, b and c, from laterally to medially. Group b appeared as an independent cell cluster at the most caudal level ( Fig. 1-1 ). More rostrally group c fused with the nucleus b ( Fig. 1-5 ) and then a-c groups with the nucleus b formed one horizontal sheet ( Fig. 1-6 ). More rostrally, group c separated from the MAO ( Fig. 1-8 ), diminished in size, and then disappeared ( Fig. 1-10 ). At the rostral half of IOC, the MAO (a combination of groups a and b) decreased in size and finally disappeared ( Fig. 1-15 ). The cytoarchitectural boundaries of groups a, b and c were rather clear in the caudal half of the MAO but obscure in the rostral half.
The DAO appeared medially as thin sheet of cells dorsally to the MAO and lateral to the VLO ( Fig. 1-6 ). This sheet of neurons extended laterally ( Fig. 1-7 ) and then bent ventrally ( Fig. 1-8 ). The new growing ventral lamina of the DAO increased in size and extended medially, simultaneously with the diminishing of the dorsal lamina until the DAO took a medial position (Fig. 1-9, 1-12 ). More rostrally, the medial part of the DAO had a connection with the dorsal lamella of PO ( Fig. 1-15 ). Caudal to the rostral pole of the IOC, the DAO lost its connection with the dorsal lamella of PO ( Fig. 1-18 ) and continued to form the rostral pole of the IOC.
The PO extended through the rostral half of the IOC with its dorsal lamella (DL), appearing as a ventrolaterally oriented band (Fig. 1-11 ). More rostrally, the PO consisted of dorsal and ventral lamellae (VL), forming a U-shape with a medial hilus (Fig. 1-13 ). The DL, somewhat larger than the VL, decreased in size, and eventually disappeared ( Fig. 1-18 ). The VL shared the DAO forming the rostral pole of the IOC.
The DC appeared as a distinct cell group at caudal levels of the IOC (Fig. 1-3) . The DC was situated dorsal to group c and then moved dorsally ( Fig. 1-4) . The DC moved laterally, persisted for a few sections and then decreased in size and disappeared ( Fig. 1-7) . The nucleus β appeared as the dorsal extension of group c ventral to the DC. The VLO appeared as a separate small cell cluster in between the DC and the nucleus β (Fig. 1-4 ). More rostrally, the VLO pushed the DC laterally, and then continued rostrally between the nucleus β and the DAO (Fig. 1-7) . The DMCC appeared as a separate cell cluster situated medially in relation to the ventral lamella of the PO and dorsomedially to Total ± SD 98,000 ± 3,000 54,000 ± 6,000 58,000 ± 2,000 210,000 ± 7,000 Percentage-1; Proportion of the neuronal number in the sub-nuclei to the total neuronal number of the IOC, Percentage-2; Proportion of the neuronal number in the nuclei to the total neuronal number of the IOC, SD; standard deviation. Fig. 1-14) . The DMCC continued rostrally for a short distance until it disappeared ( Fig. 1-16) .
MAO (
Neuronal number and density in IOC:
The neuronal numbers in the IOC of the water buffalo were estimated ( Table  1 ). The neuronal numbers were statistically same in the right (105,500 ± 3,900 cells) and left (105,600 ± 3,500 cells) sides of the IOC. The neuronal density in the IOC of the water buffalo was calculated to be 3 × 10 3 cells/mm 3 in mean (Table 1) .
Among the three major nuclei, the MAO had the largest cell number (Table 1) . Although the relative area of the PO was smaller than that of the DAO, the PO had the second largest neuronal number ( Table 1) .
The three-dimensional shapes of each nucleus of the IOC were illustrated in Fig. 3 .
DISCUSSION
The main part of the MAO in the rat is divided into rostral and caudal halves, based on the olivocerebellar projections [18, 19, 26] . The caudal half consists of three groups, a, b and c with clear outlines, while the rostral half consists of two groups, a and b, groups which are merged into one sheet in many mammals [2, 35] . Another two isolated groups were added to the MAO; the nucleus β and its rostral continuation. The DMCC appears as a separate cell cluster dorsal to the MAO [2, 3, 6, 10, 32, 33] . The MAO in the water buffalo showed close similarities in shape and construction to those of other mammals including the rat, pig, goat, cat and horse. The DAO in mammals, consists of one lamella, except for the rat, in which it consists of two lamellae joined laterally [2, 11, 29] . The caudal tail of the DAO in the rat [2, 29] , cat [7] , goat and horse [22] and pig [6] start medially, then shifts laterally and then more rostrally extends medially again. The DAO consists of a "boomerang-shaped" caudal tail and a rostral body. The DAO in many mammals except sheep is partially continuous with the dorsal lamella and the ventral lamella of the PO [6, 9, 19, 24] . The DAO in the water buffalo IOC was "boomerang-shaped" in transverse sections and was composed of a single lamella connected with the dorsal lamella of the PO.
Generally, the PO consists of the dorsal and ventral lamellae, which are joined at their lateral bend [2, 6, 10, 19, 20, 23, 24, 28] . In the higher primates, the PO is well developed with many folds [3, 21] . The VLO and the DC are considered as a caudal continuation of the PO [8, 26] . The DC in many mammals appears as a dorsal extension from group c, and then elongates ventrolaterally at rostral levels to form the VLO [2, 3, 9, 10, 16] . The PO in the water buffalo that consisted of two lamellae had no flexure and occupied only the rostral half of the IOC. The dorsal lamella was larger than the ventral lamella similar to that of the elephant PO [1] . Although the DC and the VLO in the water buffalo have an orientation similar to that of many mammals, the VLO was not an elongation of the DC.
In the present study, since the IOC in the water buffalo showed close morphological similarities to those of the majority of mammals including rats, we conclude that the olivocerebellar and olivonuclear projections of the water buffalo IOC probably are similar to those of other mammals.
The total numbers of IOC neurons have been estimated at about 909,000, 1,025,000 or 1,060,000 in humans [14, 15, 17] , 27,000 in the vampire bat [14] , 140,000 or 150,000 in the cat [14, 24] and 49,000 or 57,000 in the rat [11, 29] , respectively. The IOC in the water buffalo contained 210,000 neurons in total. Thus the IOC neurons in the water buffalo appeared to be more numerous than in the cat and fewer than in humans.
Generally, the MAO is the largest nucleus of the IOC in most mammals studied except for higher primates, in which the PO is the largest nucleus [1, 2, 15] . Numerical studies show that the MAO, DAO and PO contain neurons at proportions of 10%, 4% and 86%, respectively, in humans [15] , 49%, 24% and 27% or 46%, 25% 29% in the rat [11, 29] and 47%, 26% and 27% in this study, thus, in addition to the morphological similarity to the rat IOC, the water buffalo was also similar to the rat in the proportion of its three major nuclei.
The DC, VLO, nucleus β and DMCC have a special neural circuit and function. These cell groups are divided into the two groups, the DC-VLO and nucleus β-DMCC groups [2, 5, 18, 19, 26, 34] . But these cell groups have not been studied numerically. In the water buffalo, the nucleus β was dominant in the nucleus β-DMCC group and the VLO was dominant in the DC-VLO group. The total neuronal number of these small cell groups was 12.3% of the counted total neuronal number in the IOC. These values could be useful for functional studies or comparative neuroanatomy.
The packing densities of the IOC neurons are estimated as 65,000 cells/mm 3 in the vampire bat [14] , 44,000 cells/ mm 3 in the rat [14, 29] , about 23,000 cells/mm 3 in the ground squirrel [5] , 8,000 [14] or about 16,000 [5] [5] measure the mean neuronal density per mm 3 through the IOC for the ground squirrel, cat and human, and indicate a decrease in the neuronal density towards human. A glance at these neuronal densities shows that the densities correlate inversely with body weight. Since the water buffalo is markedly heavier than the human, the density of IOC neurons in the water buffalo may well be lower than that of humans.
